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Pioneer axons in insect legs are experimentally accessible model systems for the molecular identi®cation and cellular
localization of guidance cues regulating the path of axon growth. A detailed study of the Fe2 pioneer axons in the legs of
the cockroach was performed to examine the diversity of guidance mechanisms. A detailed microscopic analysis of the
axons at various points in their trajectory indicates that the Fe2 axons grow on a mesodermal substratum which contains
the cues guiding their growth along a stereotyped path. An identi®ed pair of muscle pioneer cells (MPC) are likely to play
an important role in enabling the Fe2 growth cones to respond to mesodermal guidance cues. The addition of heparan
sulfate, heparitinase, and phosphatidylinositol-speci®c phospholipase C to the medium perturbs the in situ path of growth
of the Fe2 axons and the location of the MPC in cultured embryos. This indicates a role for heparan sulfate proteoglycans
and glycosylphosphatidylinositol-anchored proteins in axon guidance. When these results are compared to those of similar
experiments performed on the well-characterized Ti1 axons, they indicate signi®cant differences in the mechanisms that
are used for axon guidance. The Fe2 neurons are a good model for elucidating the mechanisms used to guide axon growth
on nonmuscle mesodermal substrates often encountered in the periphery of vertebrate embryos. q 1997 Academic Press
Key Words: axon guidance; heparan sulfate; proteoglycan; path®nding; development; guidepost cells; phosphatidylinosi-
tol-speci®c phospholipase C; cockroach; mesoderm muscle pioneer cells.
INTRODUCTION ments involving surgical manipulation and ablation can be
performed (Bentley and Caudy, 1983; Lefcort and Bentley,
1987). In addition, embryos can be cultured out of theirThe proper functioning of the nervous system requires
egg cases under conditions in which reagents added to thethat neurons form connections with appropriate targets.
medium have full access to the axons (Chang et al., 1992;One of the mechanisms facilitating this proper wiring of
Wang and Denburg, 1992). This enables perturbation experi-the nervous system is the regulation of the path of axon
ments to be performed on these axons while they are grow-growth during development. Considerable effort is being
ing on their normal substrata. As a result of the applicationdirected toward the identi®cation of cellular and molecular
of these multiple approaches, the mechanisms guiding theguidance cues. Excellent subjects for these studies are the
growth of the Ti1 pioneer axons in the legs of grasshoppersvery ®rst axons to grow along a particular trajectory. These
and cockroaches have been extensively characterized.pioneer axons are dependent upon cues in the environment
Several other neurons arise in different segments of thewhich can be either attractive or repulsive factors and are
insect leg at these early stages of development and proceedeither diffusible or immobilized in cell surfaces or the extra-
to extend pioneer axons toward the CNS along differentcellular matrix (reviewed in Tessier-Lavigne and Goodman,
paths (Keshishian and Bentley, 1983). This observation1996).
raises the question of the relationship between the guidancePioneer axons in insect legs offer several advantages to
cues used by these later emerging pioneer axons and thosesuch investigations. Their proximal growth toward the CNS
used by the Ti1 axons. It is possible that the other pioneeroccurs in a region largely devoid of other axons and thus
axons use a set of guidance cues different from those usedcan be easily examined microscopically at various points
by the Ti1 axons. Alternatively, the same set of cues mayalong their path (Caudy and Bentley, 1986; Rajan and Den-
be used but are responded to in a different manner. To exam-burg, 1996). The legs are of suf®cient size so that experi-
ine the generality of the results obtained on the Ti1 axons
we initiated a detailed study of the growth of the pioneer
axons of the Fe2 neurons (Rajan and Denburg, 1996). Here1 Present address: Cold Spring Harbor Laboratory, P.O. Box 100,
Cold Spring Harbor, NY 11724. we report that in comparison to the well-characterized Ti1
214
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8704 / 6x2e$$$121 09-24-97 09:33:04 dba
215Mesodermal Guidance of Pioneer Axon Growth
ware and were analyzed using MTrace (University of Iowa Imageaxons, the axons of the Fe2 neurons follow a different path,
Analysis Facility) and Showcase (Silicon Graphics).grow on a different substratum, and respond differently to
perturbants.
RESULTS
METHODS Anatomical Background
The pioneer axons are made visible in the legs of cock-Experimental Embryos
roach embryos by labeling with MAb 16-7G12 which binds
Egg cases were collected daily from laboratory colonies of Per- to a 200-kDa cytoplasmic protein that is present in the
iplaneta americana. Each egg case contains between 12 and 16 major axon branches but not in ®lopodia (Rajan and Den-
embryos. Development was considered to begin at the time of drop- burg, 1996). The Ti1 axons in the cockroach (Norbeck et al.,
ping of the egg case. Under the standard laboratory conditions of 1992) follow a trajectory (Figs. 1A and 1B) nearly identical to
307C with a 12-hr light/12-hr dark cycle in a humidi®ed incubator that in the well-characterized grasshopper (Keshishian anddevelopment takes 30 days. Embryos were staged on the basis of
Bentley, 1983). In the cockroach these ®rst axons in the legtheir external morphology using the scheme of Lenoir-Rousseau
start to elongate from the neuronal cell bodies near theand Lender (1970).
distal tip of this appendage in stage 14 (18% development)
embryos. The ultimate position of these cell bodies is the
tibial segment of the leg. Axon growth is initially in aCulturing of Embryos
straight path in the proximal direction along the midanter-
Techniques for the culturing of embryos have previously been ior region of the leg. The growth cone primarily contacts
described (Wang et al., 1992; Wang and Denburg, 1992). Similar the basal surface of the epidermal cells and the underlying
methods were used with two important changes. First, embryos basal lamina (Anderson and Tucker, 1988). After the axonswere now cultured in a medium consisting of four parts Eagle basal
pass what will become the trochanter±femur border theymedium (Gibco BRL) and ®ve parts Schneider's Drosophila me-
turn toward the posterior half of the leg and grow arounddium (Gibco BRL) supplemented with 2 mM L-glutamine, 25 mM
the circumference. Although there are no Cx1 guidepostHepes, pH 7.5, 500 U/ml penicillin, and 500 mg/ml streptomycin.
cells like those present in the grasshopper, the cockroachSecond, embryos were cultured for only 48 hr.
axons turn again and proceed proximally to the CNS which
they reach by 21% development. A schematic representa-
Perturbation of Axon Growth in Cultured Embryos tion of the leg is shown in Fig. 1E in order to demonstrate
the convention that will be used in de®ning the positional
Half of the embryos from each egg case were used as controls axes of the leg.and cultured in the normal medium while the other half of the
The pioneer axons of the Fe2 neurons help establish theembryos were placed in medium to which one of the perturbants
femoral segment of the major posterior nerve in the leg.was added. The embryos from a number of egg cases were pooled
Their trajectory is shown in Figs. 1C and 1D and was de-and a maximum of 25 embryos were cultured in each well of a 24-
scribed previously (Rajan and Denburg, 1996). They toowell culture plate with 400 ml of medium. The chemical per-
turbants used were glycosaminoglycans (Sigma) used without fur- must ®nd their way to the CNS but do so by a path partly
ther puri®cation as described previously (Wang and Denburg, 1992), different from that of the Ti1 axons. The Fe2 cell bodies are
heparitinase from Flavobacterium heparinum (heparinase III, in the midposterior region of the leg, a distance of about
Sigma), and phosphatidylinositol phospholipase C from Bacillus 80 mm from the cell bodies of the Ti1 neurons. At 27%
thuringeinsis (ICN Biochemicals). development (stage 17) the Fe2 axons elongate circumferen-
tially toward the anterior part of the leg. At about the border
between the anterior and posterior halves of the leg theBinding of MAbs to Whole Mounts of Embryos axons make a proximal turn and continue in this direction
until they contact and fasciculate with the Ti1±Tr2 axonMost of the MAbs used in this study were obtained from fusions
that have been described previously (Denburg et al., 1986, 1989). fascicle in the trochanter by 30% development (stage 19).
MAb 4D9 was generated against the segmentation gene engrailed Their path to the CNS then continues along this earlier
(Patel et al., 1989) and was obtained from the American Type Cul- established axon trajectory.
ture Collection (Rockville, MD). The procedures for labeling em- Detailed confocal microscopic examination, surgical ma-
bryos in whole mounts have been described previously (Denburg nipulations, and perturbation experiments were performed
and Norbeck, 1989) and were used in an identical manner. For to identify the cellular location and chemical nature of the¯uorescent confocal microscopy rhodamine-conjugated goat anti-
guidance cues that regulate the growth of the Fe2 axons.mouse antibodies (Cappel) were used at a 1:200 dilution and em-
bryos were cleared in 90% glycerol containing 0.1 M n-propyl gal-
late as an antibleaching agent. Embryos were examined with a Mesodermal Substrata of the Fe2 Axons
confocal scanning laser microscope (Bio-Rad MRC 600) and serial
Confocal ¯uorescence microscopy was used to examineoptical sections of the leg were obtained at 1- to 1.5-mm intervals.
Serial images were overlaid using the accompanying Bio-Rad soft- the identity of the substrate over which the Fe2 pioneer
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FIG. 1. The trajectories of the Ti1 (A, B) and Fe2 (C, D) pioneer axons are made visible by labeling with the neuron-speci®c MAb 16-
7G12. The axons of the Ti1 neurons (arrows), Fe2 neurons (black arrowheads), and Tr2 neurons (white arrowheads) are indicated in each
part. The Ti1 axons initially grow in the proximal direction until the trochanter±femur border is crossed (A). They then turn in the
posterior direction and grow around the circumference of the leg until they turn again and continue proximal growth into the CNS (B).
These events occur in embryos between stage 14 (18% development) and early stage 16 (21% development). The Fe2 axons initially
elongate in the anterior direction until the border of the anterior and posterior regions of the leg is reached (C). They then turn and grow
in the proximal direction until contacting the already established Ti1±Tr2 axon fascicle (D). This growth occurs in embryos at 27±30%
development. In all parts of the ®gure the arrows point to the pioneer axons. The orientation in these legs is shown schematically in E.
In all subsequent ®gures proximal is to the left, distal is to the right, posterior is to the bottom, anterior is to the top, and the ventral
surface of the leg is facing up for examination. Scale bar is 20 mm.
axons grow. It is observed in embryos at 29% development mesenchymal cells (Fig. 2). A similar analysis of younger
embryos indicated that the initial projection of these axonsthat these axons have made the turn in the proximal direc-
tion and elongated until they nearly contact the Ti1±Tr2 is also into the lumen of the leg (results not shown). How-
ever, in the ®nal segment of their trajectory the substrateaxon fascicle (Fig. 2). Computer-reconstructed transverse
optical sections indicate that the entire segment of the axon over which the Fe2 axons grow has shifted from the lumenal
cells to the Ti1±Tr2 fascicle (results not shown). At eachtrajectory independent of the Ti1±Tr2 axon fascicle is
within the lumen of the leg where contact is made with of these three stages of Fe2 axon growth at least 15 legs
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FIG. 2. Confocal microscopic demonstration that the segment of the Fe2 trajectory containing proximal growth is within the lumen of
the leg. In an image optically reconstructed by superimposing 15 optical sections of 1 mm thickness, the Fe2 axons (arrow) extend proximally
in a stage 18 (29% development) embryo (A). At ®ve different points along the trajectory, as indicated by lettered lines, optical cross-
sections were obtained (B±F). At each of these points along the trajectory the Fe2 axons (arrow) are in contact with mesodermal cells
within the lumen of the leg and the Ti1 axons (arrowhead) grow along the epidermis. Scale bar is 20 mm.
were serially optically sectioned and transverse sections that do not ®ll up all the space in the lumen. Although
useful in demonstrating the developmental origin of thewere reconstructed. In each of these images the Ti1 axons
can also be observed to grow along the epidermis. All obser- lumenal cells, this MAb was not able to detect stereotyped,
identi®ed mesoderm cells. However, a different MAb (15-vations were consistent with the above description and indi-
cate that for the entire pioneering segment of their growth 2D12) does label a small subset of lumenal mesoderm cells
at the time of Fe2 axon growth (Fig. 3C). These cells arethe Fe2 axons elongate within the lumen of the leg. The
mesodermal cells within the leg are therefore likely to con- larger than the surrounding mesenchymal cells and are
structurally distinguished by long axon-like cytoplasmic ex-tain the guidance cues regulating the formation of the ste-
reotyped axon trajectory. tensions by which they attach to the epidermis. These are
the muscle pioneer cells (MPC) originally identi®ed inTo identify morphological landmarks that might guide
the growing axons attempts were made to examine the cells grasshopper limbs (Ho et al., 1983). Evidence supporting
this identi®cation comes from the observation that at laterwithin the lumen of the leg by studying the binding of three
MAbs, each of which labels a different subset of cells. MAb stages of development this MAb speci®cally labels differ-
entiating muscles (Fig. 3D).4D9 was produced against the Drosophila engrailed/in-
vected protein (Patel et al., 1989) and speci®cally labels cells One pair of these MPC, which appears identical to the
precursors of the retractor unguis muscle (Ball et al., 1985a),in the posterior region of the cockroach leg (Blagburn et al.,
1995). This MAb fails to label any of the mesodermal cells was of particular interest because they are located in a posi-
tion such that it appears as though the newly elongatingand thus cannot serve as a marker for a subset of cells guid-
ing the Fe2 axons (results not shown). Fe2 axons will initially contact them upon entering the
lumen (Fig. 3C). The development of these MPC can beMAb 25C1 speci®cally labels mesodermal cells starting
from a stage of development immediately after gastrulation examined in legs from embryos of various ages that are
double-labeled with the MPC-speci®c MAb 15-2D12 and(Fig. 3A). All of the cells within the lumen of the leg which
the Fe2 axons contact are still labeled with this MAb at the the neuron-speci®c MAb 16-7G12. At the time of Ti1 axon
growth (19% development) no mesodermal cells are labeledtime of Fe2 axon growth (Fig. 3B). Most of the leg mesoderm
consists of multicellular aggregates of mesenchymal cells (Fig. 4A). The MPC cells are ®rst detected in the distal end
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FIG. 3. Immunolabeling of cells in the lumen of the leg. MAb 25C1 speci®cally labels mesodermal cells. This can be seen in early
embryos (stage 12; 17% development) prior to leg formation when the MAb labels cells (arrowhead) that have just migrated into the body
cavity during gastrulation (A). In embryos at 28% development all the cells (arrowhead) in the lumen of the leg contacted by the Fe2
axons are labeled with this MAb (B) indicating the mesodermal nature of the substratum of these axons. At this stage of development a
considerable portion of the volume of the lumen of the leg is devoid of cells. The relationship of the Fe2 axons to a pair of muscle pioneer
cells is revealed by labeling with MAb 15-2D12. In stage 17 (27% development) embryos this MAb selectively labels MPC (arrowhead)
in the path of the Fe2 axons which have not yet started to elongate (C). Most of the mesodermal cells in the lumen are not labeled at
this stage. At later stages of development this MAb continues to label all differentiated muscles (arrowhead) as seen in a leg from a stage
25 (50% development) embryo (D). The images in B, C, and D are constructed by superimposing 15 optical sections taken at 1.3-mm
intervals. Scale bar is 20 mm.
of the leg at 23% development (Fig. 4B). They migrate into from that which has grown in vivo (Fig. 6B). In these obser-
vations and all subsequent perturbation experiments, legsthe femur by 25% development and send out cytoplasmic
processes that attach to the epidermis at a site close to from all thoracic segments are used and the results are
pooled together. This is justi®ed since there is only a slightwhere the Fe2 neurons will emerge by 26% development
(Figs. 4C and 4D). By the time of Fe2 axonogenesis (27% difference in developmental stage among the legs and after
the 48-hr culture period all of the axons have contacted anddevelopment) these MPC are within ®lopodial reach. The
position of these cells is stereotyped since they were ob- grown along the Ti1±Tr2 fascicle.
The reagents tested for their ability to perturb the forma-served in all legs examined (n  80). Confocal imaging of
legs in which both the Fe2 axons and the MPC are labeled tion of the Fe2 pathway were selected because they had
previously been shown to alter the trajectory of the Ti1with MAbs indicates that at least within the resolution
of the light microscope, such contact between these cells pioneer axons and because each of them may in¯uence sev-
eral molecular interactions simultaneously. The per-actually does occur (Fig. 5). This raises the possibility that
Fe2 axon contact with this identi®able pair of MPC is im- turbants include the glycosaminoglycan heparan sulfate
(HS) (Wang and Denburg, 1992) and the enzymes phosphati-portant for the formation of the normal trajectory.
dylinositol-speci®c phospholipase C (PI-PLC) (Chang et al.,
1992) and heparitinase (Wang and Denburg, 1992). We have
Perturbation of the Fe2 Axon Trajectory shown that treatment with heparitinase removes histo-
chemically detected heparan sulfate (Wang and Denburg,Chemical perturbation experiments were performed in
order to provide evidence for the existence of speci®c guid- 1992) and with PI-PLC removes immunohistochemically
detected PROVE antigen, a glycosylphosphatidylinositolance cues and to provide information about their molecular
nature. These entail adding enzymes or chemical reagents (GPI)-anchored protein on the epidermal cell surface distrib-
uted in a gradient along the proximal±distal axis of the legto the medium in which embryos are being cultured and
examining for the effects on Fe2 axon growth. These em- (Rajan, unpublished results). Therefore, identical treatment
of live embryos with these enzymes should destroy mostbryos have been removed from their egg cases, separated
from the yolk and extraembryonic membranes, and opened of the GPI-anchored proteins and the heparan sulfate proteo-
glycans, respectively. The addition of exogenous heparanalong their dorsal surface. A prerequisite for such experi-
ments is that the Fe2 axons grow in such cultured embryos sulfate may competitively inhibit several molecular inter-
actions involving heparan sulfate proteoglycans. In light ofin a manner identical to that in vivo. Early stage 17 (26%
development) embryos in which the Fe2 neurons have not the probable existence of multiple cues and the redundant
nature of axon guidance mechanisms we were particularlyinitiated axon growth are maintained in culture for 48 hr
after which on the basis of their external morphology the fortunate to be able to speci®cally perturb the direction of
axon growth by treatment with these reagents.embryos have attained stage 19 (30% development). During
a comparable time period in vivo they would have reached Each of these perturbants was observed to alter the path
of growth of the Fe2 pioneer axons without having any sig-stage 20 (33% development). This indicates that in culture
the embryos are developing at 57% of the rate in vivo. In ni®cant effect on the rate of elongation as judged by the
length of axon formed. An axon perturbation was consideredall of the legs (n  510) of these cultured embryos the Fe2
axon pathway has formed (Fig. 6A) and is indistinguishable to have occurred if a MAb 16-7G12 labeled axon branch
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FIG. 4. Early stages in the development of the MPC (®lled arrowheads) and their migration into a position along the path of the Fe2
axons can be observed by labeling these cells with MAb 15-2D12 and the axons with MAb 16-7G12. When the Ti1 axons (open arrowheads)
are growing in late stage 14 (19% development) embryos no MPC are labeled in the leg (A). In late stage 15 (22% development) embryos
the Ti1 axons have completed their trajectory, the Fe2 neurons have not yet differentiated, and the pair of MPC have differentiated at
the distal tip of the leg (B). These cells then migrate into the femoral segment of the leg and extend cytoplasmic processes which eventually
adhere to the epidermis by late stage 16 (25% development) (C, D). Fe2 axonogenesis has not occurred by the time the MPC have reached
this position. Scale bar is 20 mm.
was observed not to be on the normal trajectory or to have perturbed trajectories. The absence of any errors in control
legs (n  510) precluded the need for a statistical compari-defasciculated from its sister axon. Since this MAb only
labels major axon branches and not ®lopodia these are con- son. These controls consisted of embryos cultured in the
absence of any enzyme (PI-PLC perturbant), in the presencesidered to represent errors in axon guidance (Rajan and Den-
burg, 1996). The speci®city of the effects of these per- of chondroitin sulfate A (heparan sulfate as perturbant), or
in the presence of chondroitinase AC (heparitinase as per-turbants on axon growth is indicated by the observation
that embryos cultured in the presence of these reagents turbant). Additional controls involving the addition of
chondroitin sulfate B (400 mg/ml), chondroitin sulfate C (400showed no changes in leg development as measured by the
length of the leg or in leg segmentation as detected by bind- mg/ml), or chondroitinase ABC (2 units/ml) to the culture
medium failed to perturb Fe2 axon growth (results noting of MAb DSS-8 (Norbeck and Denburg, 1990).
The data upon which the following analysis is based are shown). This speci®city is consistent with the observation
that heparan sulfate is the major sulfated glycosaminogly-shown in Fig. 7 and represent the dose±response curves for
each of the perturbants. Each point on the graphs represents can in P. americana (CaÂssaro and Dietch, 1977) and with
previous work that has shown that the chondroitin sulfatethe results from at least three separate repetitions of the
experiments, each of which gave similar results. However, glycosaminoglycans and the enzymes that degrade them
have no effect on the growth of the Ti1 axons (Wang andthe results were pooled together to give a single value of
the percentage of total number of axons examined that had Denburg, 1992).
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FIG. 5. Demonstration of contact between Fe2 axons and the MPC. A stage 17 (28% development) embryo was double-labeled with
neuron-speci®c MAb 16-7G12 and MPC-speci®c MAb 15-2D12. Using the confocal microscope optical sections were taken every 2 mm.
The Fe2 axons (arrows) are easily identi®ed from their projection into the lumen of the leg (A±C). They can be traced back to their points
of emergence from the neuronal cell bodies also indicated by arrows (G±I). The MPC (arrowheads) have a cytoplasmic process which can
be distinguished from the Fe2 axons even though they appear to contact each other (D±G). The processes of the MPC and the Fe2 axons
extend in different directions. Scale bar is 15 mm.
Each perturbant was observed to affect axon growth in PI-PLC, where n is the total number of legs examined at
the highest concentrations of each perturbant. This indicatesa concentration-dependent manner (Fig. 7). The maximum
incidence of perturbation was 49% (n  47) for heparan sul- that in spite of the probable redundancy of guidance cues
these reagents perturbed axon growth in a fairly robust man-fate, 47% (n  90) for heparitinase, and 74% (n  117) for
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FIG. 6. Perturbation of the Fe2 axon trajectory by heparan sulfate, heparitinase, and PI-PLC. The Fe2 axon trajectory (arrowheads) formed
after 48 hr culturing of stage 17 embryos (A) is identical to that formed in vivo by stage 18 (29% development). (B) The addition of any
one of the perturbants to the culture medium alters the path of axon growth in multiple ways, producing four different perturbed axonal
phenotypes. (C) The axons defasciculate and form multiple branches in a heparan sulfate-treated leg. (D) The axons do not make the
proximal turn but continue to grow in the anterior direction until the Ti1 axons are contacted in a PI-PLC-treated leg. (E) The axons grow
in the distal direction in a heparan sulfate-treated legs. (F) The axons grow proximally to the Tr2 cell bodies without the initial anterior
growth. Optical cross-sections (G±I) were constructed with a confocal microscope in order to determine the substrate over which these
perturbed Fe2 axons (arrowheads) are growing. The Ti1 axons are indicated by arrows. (G) In a different PI-PLC perturbed leg with the
same phenotype as shown in (D) the Fe2 axons are still in the lumen of the leg. (H) In a heparan sulfate-treated leg in which there is
distal growth of the axons the substrate appears to be the epidermal epithelium. (I) In a heparitinase-treated leg in which there is no
growth into the lumen of the leg the Fe2 axons extend upon the epidermal epithelium in the proximal direction Scale bar is 20 mm.
ner. However, the absence of errors in axon growth in several leg until the Ti1 neurons are contacted (Fig. 6D). Optical
transverse sections of legs containing axons with this pat-legs treated with perturbants may indicate the existence of
tern indicate that they still enter the lumen of the leg andredundant guidance cues, some of which are not sensitive to
use the mesodermal cells as a substrate (Fig. 6G).the treatment or the possibility that the perturbants only
(2) Proximal epidermal growth directly toward the cell bodypartially inhibit the activity of the guidance mechanisms,
of the Tr2 neurons (Fig. 6F). The axons do not enter the lumenmaking axon path®nding a probabilistic event.
of the leg and they grow along what appears to be the basalFor each perturbant the same four types of altered trajec-
surface of the epidermis, although at this resolution growthtories of Fe2 axon growth were observed but with varying
on the basal lamina cannot be distinguished (Fig. 6I).frequencies. These perturbed phenotypes include:
(3) Distal growth away from targets in the CNS and the
(1) Anterior growth in which the axons do not make a Ti1±Tr2 axon fascicle (Fig. 6E). Again, the axons apparently
turn in the proximal direction at the anterior±posterior bor- grow on the epidermis and do not enter the lumen of the
leg (Fig. 6H).der, but instead continue into the anterior region of the
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FIG. 7. The dependence of the incidence of errors in the Fe2 axon trajectory on the concentration of perturbants added to the culture
medium. The percentage of legs with alterations in the Fe2 trajectory in the presence of perturbant (l) or in controls (s) was calculated.
The numbers in parentheses are the total number of legs examined. In (A) the perturbant was PI-PLC and the controls contained no
enzyme. Since no errors were observed in any of the controls they are all combined into a single point (n  510). In (B) the perturbant is
heparan sulfate and the control is chondroitin sulfate A. In (C) the perturbant is heparitinase and the control is chondroitinase AC. Each
point in the controls for (B) and (C) represents observations of at least 75 legs.
(4) Defasciculation and multiple branching of the pair of larly, in the anterior growth and distal growth phenotypes
the Fe2 axons do not grow in the proximal direction, andFe2 axons which are usually tightly fasciculated to each
other (Fig. 6C). Although it is dif®cult to distinguish a bifur- the sum of the frequencies with which these occur repre-
sents the incidence of the absence of proximal growth andcation of a single axon from a defasciculation of a tightly
bound pair of axons, this phenotype is considered to exist the failure of this guidance mechanism. As summarized in
Table 2, all of the perturbants prevented growth on thewhen more than two axon branches can be detected.
mesoderm with heparan sulfate being the most effective.
Each perturbant had a distinctive distribution of the al- This alteration in trajectory may have resulted from the
tered Fe2 axon trajectories. These distributions were not
signi®cantly affected by perturbant concentration (results
not shown). Therefore, in the following analyses all of the
perturbed axons from the dose±response curves were pooled TABLE 1
together for the calculation of the distribution of the pat- Distribution of the Types of Altered Fe2 Axon Trajectories after
terns of altered axon trajectories for each of the perturbants Perturbant Treatment
(Table 1). The major perturbation for heparan sulfate was
Proximal Distaldistal growth detected in 67% of all of the perturbed axons
Anterior epidermal epidermal(n  242). For PI-PLC and heparitinase the major perturba-
growth growth growth Defascictions were anterior growth detected in 43% (n  156) and
Perturbant (%) (%) (%) (%)79% (n  121) of perturbed axons, respectively.
The formation of the Fe2 axon trajectory requires at least PI-PLC
two guidance mechanisms. These function to direct growth (n  156) 43 19 24 14
into the lumen of the leg and in the proximal direction. The Heparitinase
(n  121) 79 14 7 0sensitivity of these guidance mechanisms to the per-
Heparan sulfateturbants can be assessed by combining the frequencies of
(n  242) 10 15 67 9occurrence of some of the altered axon trajectories. Since
in the proximal growth and the distal growth phenotypes
Note. All of the legs with altered Fe2 axon trajectories for each
the Fe2 axons grow on the epidermal epithelium and do not perturbant were pooled together from the data in the dose±response
enter the lumen of the leg, the sum of the frequencies with curves in Fig. 7. This is justi®ed because the types and distributions
which these phenotypes occur represents the absence of of the errors did not depend upon the concentration of the per-
growth on the mesodermal substrate or the failure of the turbant. n, the total number of legs with perturbed Fe2 axon trajec-
tories.mechanism guiding growth into the lumen of the leg. Simi-
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TABLE 2
Frequency of Perturbations of the Major Guidance Mechanisms of the Fe2 Axon Trajectory
PI-PLC (%) Heparitinase (%) Heparan sulfate (%) Controls (%)
Perturbation (n  156) (n  121) (n  242) (n  510)
Absence of axon growth on mesoderm 43 21 82 0
Absence of proximal axon growth 67 86 77 0
Note. The data from Table 1 were used to calculate the perturbations of the major guidance mechanisms. The incidence of the absence
of axon growth on mesoderm was calculated as the sum of the frequencies of the occurrence of growth on the epidermal cells in the distal
and proximal directions. The incidence of the absence of proximal axon growth was calculated as the sum of the frequencies of occurrence
of trajectories with growth in the anterior and distal directions. n, the total number of legs with perturbed Fe2 axon trajectories except
in the controls where it represents the total number of legs examined.
inhibition of molecular interactions that direct the axons These perturbations of both Fe2 axon trajectory and MPC
to grow on the mesoderm. However, it is also possible that location were observed in 74% (n  117) of the legs treated
the perturbants inhibit the enzymes whose activity enables with PI-PLC (0.25 units/ml), 40% (n 85) of the legs treated
the axons to cross the basal lamina and enter the lumen. with heparan sulfate (400 mg/ml), and 47% (n  86) of the
All of the perturbants are also very effective in preventing legs treated with heparitinase (1.5 units/ml) (n, total num-
proximal growth (Table 2). This phenotype may result from ber of legs examined). Although this perturbation was a
the inhibition of the effects of guidance cues that normally robust phenomenon, there still were several legs in which
direct axon growth in the proximal direction or that prevent the Fe2 axon trajectory was normal despite the presence of
the axons from growing into the anterior compartment of perturbants. In all of these the MPC were in their proper
the leg. location. This striking correlation between displacement of
the MPC and perturbation of the Fe2 axon trajectory sug-
gests that contact between these cells is essential for normal
Perturbation of Leg Mesoderm development. It is considered a lot less probable that the
axon guidance cues and the MPC localization cues would
Since treatment with PI-PLC, heparan sulfate, and hepari-
be chemically identical or would have identical sensitivities
tinase alters the path of Fe2 axon growth and since the
to the perturbants. However, these correlative results doguidance of these axons depends on cues in the mesoderm,
not enable us to determine whether it is the dislocation ofthese perturbants were additionally examined for their ef-
the MPC that causes perturbation of the Fe2 axons or vicefects on the structure of leg mesoderm. No change in struc-
versa. Attempts to remove the MPC surgically or by photo-ture of the mesodermal cells was detected after treatment
ablation after immunolabeling have been unsuccessful.with heparan sulfate or heparitinase in legs labeled with
Since in the stage 17 embryos used in the previous experi-MAb 25C1 (data not show) or in unlabeled legs (Figs. 6H
ments the MPC are already in place along the path of Fe2and 6I). In contrast, after PI-PLC treatment the tight aggre-
axon growth at the time of initiation of the cultures, at-gates of mesodermal cells appear to enlarge and ®ll up all
tempts were made to prevent contact between the Fe2 axonsthe space of the lumen (Fig. 6G).
and the MPC by using younger embryos (stage 16; 23%The more speci®c effects of the perturbants on the MPC
development) in a series of perturbation experiments. Atcould be examined in embryos by labeling these cells with
this stage of development the MPC have not yet migratedMAb 15-2D12 after the time in culture. At concentrations
into the femur and Fe2 axonogenesis has not yet occurred.producing maximal incidence of errors in Fe2 axon trajec-
When these embryos are cultured in the presence of thetory, all the perturbants also altered the shape and location
perturbants the MPC are maintained in their distal locationof the MPC. These perturbed cells lacked the cytoplasmic
and never come into contact with the Fe2 axons in manyextensions that attach the cells to the epidermis and their
of the legs. Again a striking correlation was found in thatcell bodies are rounder and located in a more distal position
all legs with perturbed Fe2 axons had displaced MPC and(Figs. 8B±8D) compared to that of cells in embryos cultured
vice versa. These perturbations occurred in 68% (n  99) ofunder identical conditions but without perturbants added
the legs treated with PI-PLC (0.25 units/ml), 41% (n  96)to the medium (Fig. 8A).
of the legs treated with heparan sulfate (400 mg/ml), andIn a series of similar perturbation experiments both the
47% (n 90) of the legs treated with heparitinase (1.5 units/axons and the MPC were immunolabeled in the same em-
ml) (n, the total number of legs examined). Although thesebryos after culturing. It was observed that in every leg in
results do not resolve the question of the cause and effectwhich the Fe2 axon path was perturbed the location of the
relationship between dislocation of the MPC and perturba-MPC was also altered. No legs were detected in which the
MPC were perturbed and the Fe2 pathway was normal. tion of the Fe2 trajectory, they do support the hypothesis
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FIG. 8. The effects of perturbants on the position of the muscle pioneer cells and the resulting change in Fe2 axon trajectory. After being
in culture for 48 hr embryos are double-labeled with neuron-speci®c MAb 16-7G12 and MPC-speci®c MAb 15-2D12. In all parts the Fe2
axons are indicated by an arrow and the MPC by an arrowhead. In embryos cultured without perturbants the MPC are in their normal
position and the Fe2 axons follow their normal path (A). After treatment with PI-PLC the axons inappropriately grow anteriorly and the
MPC are displaced in the distal direction (B). Two phenotypes of perturbed axon growth produced by heparan sulfate are also accompanied
by distal displacement of the MPC (C, D). Each of the images is produced by superimposing 15 optical sections at 1-mm intervals. Scale
bar is 20 mm.
that contact between the Fe2 axons and the MPC is required environment. Most of these cues directing the pioneering
segment of the Fe2 trajectory are likely present on the meso-for the formation of the stereotyped axon trajectory. It is
important to note that in both of these series of experiments derm cells in the lumen of the leg. These cues must ensure
growth on the mesoderm, direct growth initially in the ante-most of the perturbed Fe2 axons still enter the lumen of the
leg and grow on the mesoderm after PI-PLC and heparitinase rior direction, prevent growth into the anterior compart-
ment of the leg, and then guide the axons in the proximaltreatment. This indicates that the MPC are not acting as
guideposts, contact with which will lead the axon into the direction. The perturbation experiments provide evidence
for the existence of such cues and information about theirlumen of the leg.
molecular nature and that of their receptors.
DISCUSSION
Molecular Nature of Interactions between Fe2
Axons and Mesoderm
The microscopic examination of the normal trajectory of
the Fe2 axons and the results of the perturbation experi- In all of the experiments involving the perturbation of
Fe2 axon growth a strong correlation was observed betweenments indicate that these axons must make several im-
portant decisions as they navigate through the leg and form errors in axon trajectory and dislocation of MPC. This sug-
gests that Fe2 axon path®nding in the lumen of the legtheir stereotyped path. Each of these decisions represents
the result of the axons' responses to guidance cues in their appears to be dependent upon the formation of contacts
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with the MPC. Since each of the perturbants alters both 1996) and PROVE (Rajan and Denburg, unpublished results)
which may provide positional information along the epider-axon path®nding and migration of the MPC, it is dif®cult
to interpret the results of these experiments in terms of the mal surface of the leg. Some of these molecules and other
GPI-anchored proteins yet to be identi®ed may be involvedchemical properties of the guidance cues and their recep-
tors. However, the observation that each of the perturbants in the guidance of leg pioneer axons.
All of the perturbants were also effective in inhibitingproduces a distinctive distribution of altered axon pheno-
types suggests that in addition to inhibiting the interaction the interactions between Fe2 axons and cues guiding growth
in the proximal direction. None of the perturbed Fe2 axonsbetween the Fe2 axons and the MPC, the perturbants are
altering some interactions between the axons and their treated with PI-PLC or heparitinase that still grow on the
mesoderm ever make the turn and grow in the proximalguidance cues in the mesoderm. Exogenous heparan sulfate
in particular is more effective in preventing axon growth direction. Candidates for such cues are molecules distrib-
uted in a gradient along the proximal±distal axis of the leginto the lumen of the leg than are heparitinase and PI-PLC.
In 82% of the heparan sulfate-perturbed axons growth did at the time of pioneer axon growth. We have previously
identi®ed four such antigens (Norbeck et al., 1992; Rajannot occur on the mesoderm (Table 2). The speci®city of this
effect is indicated by the observation that other glycosami- and Denburg, unpublished results). Two of these, PROD-1
and DIP-1, are present in the ECM of the lumen of the legnoglycans do not perturb axon growth and that the heparan
sulfate-perturbed axons do elongate in either the proximal and thus are more likely to be involved in guidance of the
Fe2 axons. Although we do not know if any of these proteins(15%) or distal (67%) direction (Table 1) but use the epider-
mal cells as a substrate. On the other hand, heparitinase are heparan sulfate proteoglycans, one of them, PROVE, is
a GPI-linked protein on the basal surface of the epidermaland PI-PLC are more effective than heparan sulfate in de-
stroying the mechanism that restricts axon growth to the cells (Rajan and Denburg, unpublished results).
The similarity in altered patterns of Fe2 axon growth ob-posterior compartment of the leg. In 79 and 43% of the
axons perturbed by heparitinase and PI-PLC, respectively, served with PI-PLC and heparitinase can be most parsimoni-
ously explained if GPI-linked heparan sulfate proteoglycansgrowth has extended into the anterior compartment of the
leg (Table 1). are involved in axon guidance. Such molecules have been
identi®ed in the mammalian nervous system and includeThe perturbations by heparitinase and heparan sulfate in-
dicate a role for heparan sulfate proteoglycans in the guid- glypican (Litwack et al., 1994) and cerebroglycan (Stipp et
al., 1994).ance of the Fe2 axons. Various heparan sulfate proteogly-
cans have been shown to regulate or directly mediate cell±
cell and cell±ECM adhesion, mediate binding of trophic and
Role of Mesoderm in Axon Guidancepossibly tropic factors to their receptors, regulate activity of
protease inhibitors, and be involved in the assembly and Although the growth cones of the Fe2 axons cannot be
visualized with the MAb used in this study, the observa-function of the ECM (reviewed in Lander, 1993). These rep-
resent multiple functions that could be important in the tions of the trajectory of the main axon branches at various
stages of development clearly show that the axon is elongat-guidance of axon growth. The differences between the per-
turbations produced by the addition of exogenous heparan ing along a mesodermal substratum in the lumen of the leg.
Cues guiding the growth of these axons may be synthesizedsulfate and by the removal of endogenous heparan sulfate
by heparitinase were not expected. Both reagents were pre- by the mesoderm or attached to it after synthesis and secre-
tion from the epidermal epithelium. This dependence onviously observed to perturb the Ti1 axons in an identical
manner (Wang and Denburg, 1992) and to do so by interfer- mesodermal cells for guidance of axons is unusual for inver-
tebrate peripheral sensory neurons. Although cues presenting with FGF-2 enhancement of axon growth (Nyhus and
Denburg, unpublished results). This apparent discrepancy on mesodermal cells contribute quantitatively to successful
axon path®nding by sensory neurons in Drosophila em-between the effects of heparan sulfate and heparitinase on
Fe2 axon growth may be explained in several ways that bryos, the removal of most of these mesodermal cells by
mutation of the twist gene results in the majority of thecannot at present be distinguished. The results do demon-
strate that heparan sulfate is playing multiple roles in the axons still growing normally (Younossi-Hartenstein and
Hartenstein, 1993). On the other hand, the trajectory ofguidance of the Fe2 axons.
The perturbation by PI-PLC indicates a role for GPI- motor axons can be in¯uenced by muscle pioneer cells and
targets in insects (Ball et al., 1985b; reviewed by Keshishianlinked proteins in axon guidance. Several GPI-anchored pro-
teins have been isolated from the vertebrate nervous sys- et al., 1993) and in leech (Jellies and Kristan, 1988; French
et al., 1992). Nonmuscle, mesoderm-derived dorsal mediantem, molecularly characterized, and shown to mediate cell±
cell adhesion, axon fasciculation, and neurite elongation cells have also been shown to be essential for the formation
of the transverse nerve in Drosophila (Chiang et al., 1994;(reviewed in Walsh and Doherty, 1991). More relevant, GPI-
linked proteins in insects include fasciclin I (Bastiani et al., Gorczyca et al., 1994). These invertebrate model systems
may provide information useful for understanding how me-1987; Diamond et al., 1993) lachesin (Karlstrom et al.,
1993), and Lazarillo (SaÂnchez et al., 1995) present on the sodermal cells may guide vertebrate axons. The interactions
of the Fe2 axons with mesenchymal mesoderm may be mostsurface of the pioneer axons and REGA-1 (Seaver et al.,
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8704 / 6x2e$$$121 09-24-97 09:33:04 dba
226 Rajan and Denburg
similar to those occurring between chick motor axons and axons. In comparison, these same perturbants caused distal
Fe2 axon growth in 67 (heparan sulfate), 7 (heparitinase),nonmuscle mesoderm in the region of the plexus (reviewed
in Goodman and Shatz, 1993). and 43% (PI-PLC) of all the legs with perturbed axons as
shown in Table 1. It is particularly in the sensitivity toAlthough contact between the Fe2 axons and the MPC is
likely required for the formation of the normal axon trajec- perturbation by heparan sulfate where the mechanisms
guiding the proximal growth of the Ti1 and Fe2 pioneertory, it is not required for the growth of the axons into
the lumen of the leg. Of all the PI-PLC- and heparitinase- axons are different.
The most frequently observed perturbation of the Ti1perturbed axons, 43 and 79%, respectively, still entered the
lumen of the leg (calculated from Table 2). However, none axon trajectory, produced by all three of the perturbants, is
defasciculation of the axons. This was observed in 94 (he-of these axons grew in the proximal direction and none were
restricted to the posterior compartment as in the normal paran sulfate), 96 (heparitinase) (Wang and Denburg, 1992),
and 28% (PI-PLC) [Norbeck and Denburg, unpublished re-trajectory. Therefore, it appears as though contact between
the Fe2 axons and the MPC may be required for the axons sults similar to those on the grasshopper by Chang et al.
(1992)]. In contrast, defasciculation of the Fe2 axons wasto be able to respond to the other guidance cues in the leg.
The MPC are not acting as guidepost cells, contact with the least often detected phenotype, being observed in only
9 (heparan sulfate), 0 (heparitinase), and 14% (PI-PLC) ofwhich will lead the axons into the lumen of the leg. Instead,
this cell±cell interaction may result in a change in composi- the perturbed axon trajectories (Table 1). This indicates that
if the cockroach contained a homolog of Fasciclin I, a GPI-tion of axonal surface macromolecules in a manner similar
to the commissural axons which respond to contact with anchored protein that mediates fasciculation of grasshopper
Ti1 axons (Diamond et al., 1993), this protein would bemidline cells in the developing vertebrate (Dodd et al., 1988)
and insect (Bastiani et al., 1987) nervous system. playing much less of a role in the fasciculation of the Fe2
axon.
Both sets of axons use contacts with nontarget cells lo-
Comparison of Ti1 and Fe2 Axon Guidance cated along the trajectory to help them follow their stereo-
Mechanisms typed path. The Ti1 axons require epidermally derived
guideposts to ensure growth in the posterior and proximalThe experimental observations of the Fe2 axon growth
can be compared with those of similar experiments pre- direction (Bentley and Caudy, 1983). Their af®nity for these
cells is so high that contact by a single ®lopodia is suf®cientviously performed on the Ti1 axons in order to determine
whether these axons use similar molecular guidance mecha- to reorient the entire growth cone (O'Connor et al., 1990).
The Fe2 axons require contact with mesoderm-derivednisms in the formation of their different but stereotyped
trajectories. The most obvious difference between the MPC in order to respond appropriately to the guidance cues
in the lumen of the leg.mechanisms guiding growth of the Fe2 and Ti1 pioneer ax-
ons is their cellular location. The Ti1 axons grow on the GPI-anchored membrane proteins and heparan sulfate
proteoglycans are involved in the guidance of both the Ti1basal surface of epidermal cells and their underlying basal
lamina (Anderson and Tucker, 1988) indicating the localiza- and Fe2 pioneer axons. Only the biochemical and molecular
characterization of these molecules and the determinationtion of guidance cues to these sites. This has been con®rmed
with biochemically identi®ed molecules (Kolodkin et al., of their cellular localization will enable us to de®nitively
determine how similar are the guidance cues and axonal1992; Nyhus and Denburg, unpublished results). Removal
of the mesoderm from the lumen of the leg had no effect receptors used by these two sets of axons. The information
obtained in this study will help to establish criteria for theon the Ti1 axon trajectory (Lefcort and Bentley, 1987). In
contrast, the Fe2 axons prefer a mesodermal substratum identi®cation of these molecules.
even though they are capable of growing on the epidermal
cells particularly when exogenous heparan sulfate is added.
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